More than 60 years ago, H.H. Flor proposed the "Gene-for-Gene" hypothesis, which described the genetic relationship between host plants and pathogens. In the decades that followed Flor's seminal work, our understanding of the plant-pathogen interaction has evolved into a sophisticated model, detailing the molecular genetic and biochemical processes that control host-range, disease resistance signaling and susceptibility. The interaction between plants and microbes is an intimate exchange of signals that has evolved for millennia, resulting in the modifi cation and adaptation of pathogen virulence strategies and host recognition elements. In total, plants have evolved mechanisms to combat the ever-changing landscape of biotic interactions bombarding their environment, while in parallel, plant pathogens have co-evolved mechanisms to sense and adapt to these changes. On average, the typical plant is susceptible to attack by dozens of microbial pathogens, yet in most cases, remains resistant to many of these challenges. The sum of research in our fi eld has revealed that these interactions are regulated by multiple layers of intimately linked signaling networks. As an evolved model of Flor's initial observations, the current paradigm in host-pathogen interactions is that pathogen effector molecules, in large part, drive the recognition, activation and subsequent physiological responses in plants that give rise to resistance and susceptibility. In this Chapter, we will discuss our current understanding of the association between plants and microbial pathogens, detailing the pressures placed on both host and microbe to either maintain disease resistance, or induce susceptibility and disease. From recognition to transcriptional reprogramming, we will review current data and literature that has advanced the classical model of the Gene-for-Gene hypothesis to our current understanding of basal and effector triggered immunity.
INTRODUCTION
Since the last The Arabidopsis Book chapter outlining the Arabidopsis-Pseudomonas syringae interaction (Katagiri et al., 2002) , there have been a number of advances in our understanding of how plants perceive and respond to biotic stress. In this respect, Arabidopsis has continued to lead the way in these advances, both in regard to understanding host defenses, as well as uncovering pathogen virulence strategies. A plant's response to environmental pressures is guided by its ability to sense and process stimuli. So too is a plant's ability to detect and respond to pathogen infection. In total, these processes are regulated in large part by the genetic and biochemical exchange between host and pathogen. In this Chapter, we will outline our current understanding of how plants and pathogens communicate through the balance of resistance and susceptibility. A "dance", a "molecular arms race", or simply survival, the interaction between a plant and pathogen represents a sophisticated interplay of genetic and biochemical processes, ultimately leading to the demise of either the host or the invader. Here, we will focus on the architecture of the plant immune response, highlighting the key advances in our understanding of host cell physiology, the activation of specifi c defense responses, and too, the evolution of strategies by the invading pathogen to shut down defense signaling in plants.
In a recent review by Alan Jones and colleagues (Jones et al., 2008) , a parallel is drawn between research advances in humans and those that can be directly attributed to studies fi rst conducted in the model plant Arabidopsis thaliana. For example, approximately 70% of the genes associated with the development of cancer(s) in humans have orthologs present in Arabidopsis. Furthermore, with respect to advances in research fi rst undertaken in Arabidopsis and subsequently "translated" in human disease research, innate immune receptor identifi cation in plants have made signifi cant impacts in our understanding of disease signaling in humans; resistance proteins were fi rst identifi ed and characterized in Arabidopsis (ca. 1994 ) before their counterparts (e.g., NOD/CARD/CATERPILLAR) in humans (ca. 2000; Ting et al., 2006) . Jones and colleagues cite additional examples where research fi ndings in Arabidopsis have advanced the broader study of biology in humans, including research in the area of cir-: e0124.
cadian rhythms (Ahmad and Cashmore, 1993) , RNA silencing (Hamilton and Baulcombe, 1999) and G-protein signaling (e.g., Temple and Jones, 2007) .
Disease and defense signaling in plants, as we will outline throughout this Chapter, is a complicated, highly regulated process, involving the coordinated signaling networks of both host and pathogen. In this regard, the development of model systems that are both tractable and translational have been critical to addressing the many facets of the host-pathogen interface. Below, we will give a broad overview of several of the processes that typify studies in the area of plant-pathogen interactions, and too, highlight their signifi cance towards increasing our understanding of host defense signaling in response to pathogen infection.
a. Pseudomonas syringae
Pseudomonas syringae is a Gram-negative plant pathogenic bacterium that was commonly known to cause bacterial speck disease on tomato (Pedley and Martin, 2003 ; http://pseudomonas-syringae.org/). Towards developing the laboratory-based tools we now have at our disposal, several strains were identifi ed in the 1980's that would infect Arabidopsis (Katagiri et al., 2002) , giving birth to a new era in molecular plant pathology. Since the establishment of the Arabidopsis-Pseudomonas pathosystem, research has explored nearly all facets of the interaction, from epiphytic colonization of the leaf surface (Hirano and Upper, 2000) , pathogen entry through, and manipulation of, stomata (Melotto et al., 2006) , as well as the delivery of effectors (Lindeberg et al., 2009 ) and induction of cell death (Figure 1 ; reviewed in Kim et al., 2008) . As a consequence of standard mechanisms of dispersal (i.e., rain splash, insects, animals, humans, etc.), P. syringae establishes itself on the surface of plants as an epiphyte, before gaining entry into the intercellular space (Hirano and Upper, 2000) . Once inside the intercellular space, the pathogen employs a type III secretion system (T3SS) for the delivery of effector proteins directly into the host cell. In total, it is the action of these effectors that promote pathogenicity, shutting down critical host processes required to fi ght pathogen infection. Thus, the T3SS is essential for the development of disease symptoms and bacterial multiplication (reviewed in Lindeberg et al., 2009) .
In 2009, researchers in the fi eld of plant-microbe interactions marked the 25 th anniversary since the cloning of the fi rst bacterial type III secreted effector protein. In the November 2009 issue of the journal Molecular Plant Pathology, Brian Staskawicz refl ects on the advances in the fi eld of molecular plant pathology since his lab's seminal discovery (Staskawicz et al., 1984; Staskawicz et al., 2001; Staskawicz, 2009) . Since 1984, advances in the area of plant-pathogen interactions have shaped our understanding of microbial genetics and pathogenicity, as well as plant physiology and evolution (reviewed in Cui et al., 2009) . Collectively, these bacterial proteins, called "effectors", function to manipulate host cell processes for the purpose of enhancing infection and pathogen proliferation. While the function of the full suite of effector proteins remains unknown, what is known is that the complex genetic and biochemical interactions between pathogen effectors and their cognate host proteins evoke specifi c responses, that when recognized, elicit disease resistance, or when evaded, promote susceptibility.
b. Fungal and Oomycete Pathogens
Much like the bacterial virulence strategies described above, fungi and oomycete pathogens have also evolved mechanisms to infect and colonize plants. Beyond the presence of highly conserved pathogen components, known as Pathogen Associated Molecular Patterns (PAMPs), which are perceived by the host, fungal pathogens have the ability to stimulate the release of host cell wall molecules through the production of hydrolytic enzymes during host invasion. These molecules, termed DAMPs (DangerAssociated Molecular Patterns), can be recognized by the plant and subsequently activate the defense response (Matzinger, 2007; Denoux et al., 2008) . In addition to secreted hydrolytic enzymes and toxins, fungal and oomycete pathogens also encode for a suite of effector proteins, putatively similar in function to their bacterial counterparts (reviewed in De Wit et al., 2009; Schornack et al., 2009 ). However, one of the major differences with regard to effector action between bacterial pathogens and fungal or oomycete pathogens lies in the delivery of the effectors themselves. While bacteria rely on the T3SS, fungal and oomycete pathogens do not utilize a T3SS, and must instead rely on other mechanisms for effector delivery. At present, the specifi c mechanism(s) required for fungal or oomycete effector delivery is unknown.
In general, fungal effectors fall into two groups: those that are secreted into the host apoplast, and those that are translocated into the host cells (De Wit et al., 2009) . In fungal pathogens, the mechanism by which the effectors are translocated remains elusive, and in oomycetes, while the specifi c mechanism of translocation is unknown, a conserved motif has been identifi ed as being suffi cient for effector uptake by host cells (Whisson et al., 2007) . In short, many of these cytoplasmic oomycete effectors consist of an N-terminal region involved in secretion and translocation, as well as a C-terminal domain possessing the biochemical activity of the effector itself (Morgan and Kamoun, 2007) . In recent years, a signature motif at the N-terminus (i.e., Arg-X-Leu-Arg; RxLR) has been identifi ed and characterized as a critical component that not only guides oomycete effector identifi cation (i.e., bioinformatics), but is also a critical component in the function of these secreted proteins during host interactions (Whisson et al., 2007) .
c. Non-host Systems and Disease Resistance
As we will discuss in more detail below, a pathogen's ability to colonize any given host is regulated in large part by its ability to avoid structural and preformed defenses, as well as abrogate or circumvent induced host-specifi c defenses. This begs the question: What are the initial responses by both plant and pathogen that determine host-specifi city? Moreover, what differentiates host-specifi c from non-host interactions, and how is defense signaling regulated in each? To answer this question, research in the area of non-host resistance has revealed at least two layers of signaling: pre-and post-invasion disease resistance (reviewed in Mysore and Ryu, 2004) . While most plants are resistant to most pathogens, the cellular and genetic responses that tip this balance in favor of the pathogen have been best characterized using non-adapted pathogens such as the cucurbit powdery mildew pathogen Golovinomyces cichoracearum, and Blumeria graminis, a powdery mildew of the grasses. As host-specifi c pathogens, pathogen entry is effective, with a penetration rate of approximately 70% on their respective hosts (reviewed in Lipka et al., 2008) . However, when Arabidopsis plants are inoculated, this rate falls dramatically. Herein lies the premise for the further characterization and identifi cation of components required for pathogen entry and host-mediated responses to infection.
To identify and defi ne the host mechanisms associated with resistance to non-adapted pathogens, initial work began with an extensive mutagenesis screen to identify host factors responsible for abrogating pathogen entry (Collins et al., 2003) . To this end, early work demonstrated that plants attempt to prevent penetration by fungal pathogens through the formation of cell wall appositions termed papillae (Aist and Bushnell, 1991) . To explore penetration resistance, ethyl methanesulfonate (EMS) mutagenized Arabidopsis populations were screened for increased penetration by the non-adapted powdery mildew fungus Blumeria graminis f. sp. hordei (Collins et al., 2003; Lipka et al., 2005; Stein et al., 2006) . Three penetration, or PEN, mutants have been characterized. PEN1 encodes for an Arabidopsis syntaxin, which is predicted to function in the targeted traffi cking of secretory vesicles to sites of papillae formation in response to attempted fungal pathogen penetration (Collins et al., 2003) . PEN2 and PEN3 have been shown to function in the same pathway (Stein et al., 2006) , also at sites of attempted fungal penetration. Subsequent work has gone on to show that PEN2 is a myrosinase functioning in the glucosinolate pathway (Clay et al., 2009) , while PEN3 is an ABC (ATP-binding cassette) transporter (Stein et al., 2006) thought to be involved in the effl ux of antimicrobial compounds to sites of attempted pathogen penetration. In total, these observations demonstrate that preformed responses are critical to the ability of the plant to resist penetration. As such, the suite of pre-invasive defense responses present in plants is suffi cient to limit non-host pathogen entry; these include generalized responses such the deposition of callose at the site of attempted pathogen entry (Aits and Bushnell, 1991; reviewed in Hématy et al., 2009) , as well as a dynamic reorganization of the host actin cytoskeleton. These responses coincide with increased cellular traffi cking of organelles and defense signaling molecules to the site of infection. As will be a common theme throughout this Chapter, considerable overlap in defense signaling exists both in the initial perception and activation of cell signaling to numerous pathogen species, as well as critical defense signaling nodes associated with signal transduction amplifi cation and the onset of disease resistance. Interestingly, however, the PEN mutations have not been reported to compromise resistance to bacterial pathogens, such as P. syringae (Lipka et al., 2008) . These results suggest that restriction of host range to phytopathogens is regulated by additional other mechanisms.
HOST ARCHITECTURE AND PHYSIOLOGY
The plant cell is a remarkable evolutionary product of chemical, mechanical and electrical engineering. The structural capacity of the plant cell to resist mechanical forces from biotic and abiotic pressures is evidenced through the strength and elasticity of the cell wall (reviewed in Hématy et al., 2009) . As discussed below, the cell wall can serve as a passive barrier to pathogen entry, as well as the site of fi rst contact between host and pathogen. Serving in a more dynamic capacity, plants have the ability to actively reinforce their cells walls in response to a pathogen, such as in attempted fungal penetration, by the deposition of callose at sites of infection (Aits and Bushnell, 1991) as discussed previously.
Preformed Defenses
The leaf surface presents a formidable barrier to pathogen colonization and entry. Studded with trichomes, the leaf's waxy surface provides an unwelcoming environment from which pathogens must attempt to colonize and gain entry into the host. The outermost layers of the leaf epidermis consist of a modifi cation to the cell wall known as a cuticle (Nawrath, 2006) , which is comprised of cutin and waxes secreted onto the exterior surface of the cell (Jeffree, 2006) . In addition to serving as a barrier to pathogen entry, the cutin is indispensible for the prevention of water loss from the leaf surface (Aharoni et al., 2004) . There is growing evidence for the cuticle as a major player in Arabidopsis resistance to a wide variety of pathogen types from the bacterial pathogen P. syringae to the fungal pathogen Botrytis cinerea (reviewed in Reina-Pinto and Yephremov, 2009) .
Once a bacterial pathogen gains entry to the leaf apoplast, it must still interact with the host cytoplasm in order to acquire nutrients; thus, the basic plant cell wall still proves a substantial barrier to pathogen entry. The rigid cell wall can therefore be viewed as a major constituent of resistance to non-adapted pathogens (reviewed in Hématy et al., 2009) . While the physical barriers to pathogen entry are substantial, additional preformed defenses, such as chemical defenses, play ubiquitous roles in basal defense responses against pathogen infection. Among the best-characterized modes of chemical defenses are the phytoanticipins, which represent a diverse group of antimicrobial compounds present in the host before pathogen infection (VanEtten et al., 1994) . This is in contrast to phytoalexins, which are by defi nition formed in response to pathogen infection, such as the well-characterized Arabidopsis phytoalexin, camalexin (reviewed in Glawischnig, 2007) . Camalexin, 3-Thiazol-2'yl-indole, was originally isolated from leaves of the crucifer Camelina sativa infected with Alternaria brassicae (Browne et al. 1991) , and was subsequently identifi ed in Arabidopsis challenged with P. syringae (Tsuji et al., 1992) , and its production was found to be induced by a wide range of stress conditions (reviewed in Glawischnig, 2007) . However, production levels (and concentration) vary greatly within and among associated stresses. As is the case with all pathogen-induced defense responses in plants, phytoalexins are not an impenetrable barrier to infection and subsequent proliferation. In support of this, multiple pathogens have been identifi ed that are able to tolerate camalexin production in Arabidopsis through a variety of mechanisms. Isolates of the root rot fungus Rhizoctonia solani have the ability to degrade camalexin through the 5-hydroxlyation of its indole ring, or by the formation of an oxazoline derivative Khan, 1997, 2000) . In the case of the fungal pathogen B. cinerea, both resistant and sensitive isolates have been identifi ed (Kliebenstein et al., 2005) . This mechanism of resistance is mediated in B. cinerea through the activity of an ABC transporter, BcatrB, which acts as an effl ux pump for removing camalexin from the cell (Stefanato et al., 2009 ).
Hormones and Defense Signaling
Extensive research has unraveled the intimate link between plant development, responses to the environment and pathogen perception. Through all of this, the role of plant hormones has been revealed as a central, key component in not only regulating defense signaling responses within infected cells, but also as a mediator of systemic signaling (reviewed in Spoel and Dong, 2008) . At a primary level, plant hormones are responsible for the integration and processing of developmental and environmental cues. To this end, they are responsible not only for shaping the dynamic regulatory processes that control development, reproduction and death, but also priming the host cell for both biotic and abiotic stress responses. Of the major plant hormones, salicylic acid (SA), jasmonic acid (JA) and ethylene have been shown to play key roles in defense signaling in plants (reviewed in Bari and Jones, 2009) .
It is widely known that pathogen infection affects plant development (Block et al., 2010; Chandra and Huff, 2010) , and in large part, this effect is manifested through perturbations in hormone signaling within the host plant (Chen et al., 2007) . As discussed above, pathogens have evolved elaborate mechanisms to colonize and infect their host; typically through the manipulation of host physiology by secreted pathogen effectors. During a typical infection, P. syringae delivers approximately 32 effector proteins inside its host (Lindeberg et al., 2009) . Of these, one of the best characterized is AvrRpt2, a cysteine protease, whose catalytic activity sets into motion a series of defense signaling responses which have become hallmark tenants for the Gene-for-Gene and Guard Hypotheses. However, aside from AvrRpt2's well-established role in avirulence, studies investigating the manipulation of host physiology, and more specifi cally hormone signaling, have revealed an intimate link between pathogen effector action and hormone signaling. In 2007, Chen and colleagues (Chen et al., 2007) demonstrated a link between AvrRpt2-mediated defense signaling and the elicitation of host auxin biosynthesis. Phenotypically, plants expressing AvrRpt2 were found to be similar in stature to plants over-expressing auxin; plants have longer primary roots, increased lateral root formation and enhanced sensitivity to exogenously applied auxin (Sato and Yamamoto, 2008) . One interesting fi nding of this study was the link between AvrRpt2 action within the host cell and hormone biosynthesis. In short, AvrRpt2-expressing plants were found to have elevated levels of free indole-3-acetic acid (IAA). The link between host defense, pathogen virulence and hormone perception was further supported as a consequence of enhanced disease symptom development (Chen et al., 2007) .
In an example analogous to manipulation of auxin biosynthesis by pathogens, described above, recent evidence also suggests that SA inhibits pathogen growth by suppressing auxin signaling (Wang et al., 2007) . Through the use of expression profi ling, Wang and colleagues (2007) found that SA inhibits auxinmediated signaling, partially countering the pathogen's impact on hormone-associated defense signaling. This work showed that the SA analog BTH (benzothiadiazole-s-methyl ester) suppressed the expression of auxin responsive genes in an NON-EXPRESSOR of PR1 (NPR1)-dependent manner. In total, this work demonstrated the host plant's ability to antagonistically co-regulate multiple hormone signaling networks in response to pathogen infection, and with that, strengthens the hypothesis that plants may divert limited resources to defense-related processes at the expense of plant growth when attacked by a pathogen.
Endocytosis, Traffi cking and Cellular Dynamics
In recent years, advances in imaging and cell biology technologies have made possible the observation of the dynamic responses to pathogen infection, such as increases in cellular traffi cking, (re)-localization of proteins following pathogen perception, as well as reorganization of the actin cytoskeleton. In total, these collective works have not only enabled researchers to glimpse the cellular processes that are impacted during pathogen infection, but to also identify additional signaling components required for defense and disease resistance activation in plants. As we discussed above, the primary defense response in plants following pathogen perception is collectively referred to as PAMP-triggered immunity (PTI; Chisholm et al., 2006; Jones and Dangl, 2006) . In this regard, the fl agellin recognition receptor, FLS2, is a key component in both the initiation and amplifi cation of basal defense responses in plants following pathogen perception (Figure 2A) . In an eloquent series of experiments by Robatzek and colleagues (Robatzek et al., 2006) , FLS2 was found to enter the endocytic pathway upon fl g22 perception, resulting in the rapid accumulation of FLS2 in intracellular vesicles. In total, this series of ex-periments has led to a more complete understanding of receptor endocytosis in plants, and too, the regulatory network that follows PAMP perception leading to activation of PTI (reviewed in Irani and Russinova, 2009) .
Once receptor-mediated endocytosis occurs, as in the case of fl g22 perception via FLS2 described above, a plant's response to pathogen perception is further amplifi ed by the intercellular traffi cking of defense-associated compounds. Thus, from the standpoint of disease resistance, the host plant must mobilize defenseassociated components both to the site of infection, as well as within, and amongst, adjacent cells. From the standpoint of pathogen virulence, shutting down this response is key to continued infection and proliferation. None too surprising, changes in the host cell endomembrane system have also been observed during effector-triggered immunity (ETI; Chisholm et al., 2006; Jones and Dangl, 2006) . For example, work from the laboratory of Sheng Yang He demonstrated that the secreted effector protein HopM1 from P. syringae localizes to plant endomembrane fractions . With this information, an investigation into possible host targets revealed an association between HopM1 A) The PAMP receptors FLS2, CERK1 and EFR. Yellow boxes denote leucine-rich repeats (LRRs); CC, coiled-coil; NB, nucleotide-binding site; TIR, TollInterleukin-1 Receptor. Red diamond denotes kinase domain. B) As the fi rst layer of defense signaling in plants, PTI is activated via the recognition of conserved pathogen elicitors, generally referred to as PAMPs. Well-characterized PAMPs include fl agellin, the bacterial elongation factor, EF-Tu, and the fungal cell wall component, chitin. Binding of PAMPs to their corresponding effectors (e.g., fl agellin-FLS2; EF-Tu-EFR; chitin-CERK1) results in the activation of downstream defense signaling, via MAPK activation, resulting in the elicitation of immunity. and the Arabidopsis protein MIN7 (i.e., AtMIN7). This work demonstrated that AtMIN7 encodes for an adenosine diphosphate ribosylation factor (ARF) guanine nucleotide exchange factor (GEF), further solidifying the link between HopM1 function and the regulation of vesicle traffi cking during plant-pathogen interactions. Confi rmation of these observations, using a pharmacological approach, Nomura and colleagues found that application of the fungal-derived antibiotic Brefeldin-A phenocopied the activity of HopM1; Brefeldin-A interferes with endomembrane protein transport from the Golgi apparatus to the endoplasmic reticulum. In short, HopM1 was found to trigger the degradation of AtMIN7 as part of its virulence function, leading to the hypothesis that P. syringae manipulates vesicle traffi cking by targeted ARF-GEF (i.e., AtMIN7) degradation.
Dynamic responses to bacterial phytopathogen perception have also recently been shown to engage components of the actin cytoskeleton (Tian et al., 2009) . Using a reverse genetic and biochemical approach, Tian and colleagues identifi ed a regulator of stochastic actin dynamics (i.e., ACTIN DEPOLYMERIZING FACTOR-4; ADF4) as being required for the perception of P. syringae expressing the cysteine protease effector protein AvrPphB. In mutant Arabidopsis plants lacking ADF4, pathogen growth was unchecked, resulting in an increase in bacterial multiplication, leading to increased disease symptoms. This work further characterized the biochemical activity of the protein, and has led to the hypothesis that subtleties in depolymerization activity (i.e., actin binding, F-actin severing and depolymerization) may in fact account for some level of specifi city regulating pathogen perception and the subsequent remodeling of the cortical actin cytoskeleton. Interestingly, this work also identifi ed a link between actin depolymerization dynamics and the homeostatic control of hormone (i.e., SA and JA) physiology, further implicating the link between hormone signaling, host cell dynamics and the perception of pathogens by plants.
Transcriptional Regulation and Pathogenesis Related Genes
The common misconception is that plant defense responses are centrally regulated through protein-protein interactions. While protein dynamics certainly account for a large proportion of the overall defense response (e.g., Mackey et al., 2002 Mackey et al., , 2003 Axtell and Staskawicz, 2003; Day et al., 2005; Liu et al., 2009; Lu et al., 2009) , transcriptional regulation is a critical component in controlling plant resistance responses to pathogen infection (reviewed in Eulgem, 2005) . Microarray analyses investigating the transcriptional reprogramming of defense signaling in Arabidopsis following inoculation with a variety of pathogens has revealed that in addition to the well established pathogenesis related (PR) genes (Sels et al., 2008) , several hundred, even thousands, of genes undergo differential expression both during and following pathogen perception (Glazebrook, 2001) . In fact, up to 25% of all Arabidopsis genes display altered transcript levels in response to pathogen infection (Maleck et al., 2000; Tao et al., 2003) . Among these altered transcripts, members of several transcription factor families have also been implicated in defense gene regulation (Eulgem, 2005 ).
An early observation in response to pathogen infection is the expression of PR genes. PR genes are defi ned as the genes encoding for host proteins that accumulate after pathological or related stimuli (Van Loon and Van Strien, 1999) . Currently, PR genes are classifi ed into seventeen distinct families (Van Loon et al., 2006) , including some of the most commonly used disease resistance markers PR1 and PDF1.2 (Ryals et al., 1996; Lay and Anderson, 2005) . The PR-1 family of genes are some of the most ubiquitous, showing a strong conservation across species, and as such, appear to be represented across all plant species, with homologs present in fungi, insects and vertebrates (Van Loon et al., 2006) . Despite being such a widely conserved group, relatively little is known of PR-1 family protein function in Arabidopsis disease resistance. Part of the diffi culty in studying these genes are the number in Arabidopsis, with 22 PR-1-type genes present, as well as a widely-varied expression pattern; only a single member of the PR-1 gene family is activated by pathogen infection, insect feeding, or chemical treatment, while ten PR-1-type genes are constitutively expressed in roots and eight in pollen (Van Loon et al., 2006) . In contrast to the PR-1 family, several additional PR groups have also been widely studied, including members of the PR-12 family, also known as defensins, which have members exhibiting antifungal activity. To this end, Terras et al. (1995) demonstrated in vitro antifungal activity to a wide range of fungi using purifi ed PDF1.1. In a complementary series of experiments, Penninckx et al. (1996) showed in vitro antifungal activity to Alternaria brassicicola and Fusarium culmorum.
PR genes, in general, appear to be only a small portion of a larger defense-signaling network involving SA, JA and ethylene. Several compelling examples of this, discussed in Sels et al. (2008) , include an analysis of disease resistance in ein2 mutants, defective in JA/ET signaling, as well as the SA signaling defi cient npr1 mutant. The ein2 mutant was shown to have increased susceptibility to the necrotrophic fungal pathogen B. cinerea (Thomma et al., 1999) , while showing decreased expression of several PR genes, including those from the PR-12, PR-3 and PR-4 gene families (Thomma et al., 2001) . Likewise, the npr1 mutant showed increased susceptibility to many biotrophic pathogens including the bacterium P. syringae, with decreases in PR-1, PR-2 and PR-5 (Thomma et al., 2001 ).
a. Transcription Factors
In addition to the large, ubiquitous family of PR genes described above, representatives of the Arabidopsis TGA-bZIP, ERF, Myb, Whirly and WRKY families have been shown to bind defense related gene promoter elements and regulate their expression (reviewed in Eulgem, 2005) . Binding sites of WRKY factors (W boxes) are ubiquitously conserved in upstream regions of genes up regulated during a variety of defense responses including SAR, R-protein-mediated disease resistance and basal defense (Maleck et al., 2000; Eulgem et al., 2004; Zipfel et al., 2004) . showed the promoters of pathogen-inducible Arabidopsis WRKY genes were strongly enriched for W boxes, suggesting a role for feedback regulation by WRKYs themselves. Interestingly, the conservation of binding sites in defense genes is not limited to the WRKY family of transcription factors. The consensus binding motif of Whirly factors and a motif with similarity to ERF binding sites are conserved in promoters of genes expressed during incompatible interactions with Hyaloperonospora arabidopsidis (Eulgem et al., 2004) .
The transcriptional cascade leading to the SA-dependent expression of PR1 is well established, and involves numerous transcription factors, such as WRKYs, NPR1 and TGAs (reviewed in Eulgem, 2005) . For example, following activation of SA-responsive defense signaling, approximately 50 WRKY genes are "activated", which in turn lead to the coordinate regulation of defense signaling; this represents both the accumulation and repression of differentially regulated transcript (Eulgem and Somssich, 2007) . Among the best-characterized responses linking perception of SA and the activation of defense signaling is the activation of NPR1 transcription (Yu et al., 2001) . Accumulation of SA also triggers a change in the redox status of NPR1, reducing it to a monomeric form that can then be translocated into the nucleus (Mou et al. 2003) . Once inside the nucleus, NPR1 monomers are able to interact with members of the TGA-bZIP family of transcription factors (Fan and Dong, 2002) , which in turn stimulates their binding to TGA boxes within the promoter of PR1 (reviewed in Singh et al., 2002) . In total, this multi-step process leads to the activation and regulation of SA-dependent gene expression.
b. MAPK Signaling
Once pathogen perception has occurred, amplifi cation and precise regulation of the signaling cascade is required. In both PTI and ETI, this amplifi cation step typically involves the function of a suite of Mitogen-Activated Protein Kinases (MAPK) for downstream disease resistance signaling. The utility of MAPK signaling in plants is not restricted to biotic interactions; indeed, current literature is ripe with examples, including development, reproduction and response to environmental stress (reviewed in Andreasson and Ellis, 2010) . Arabidopsis has 23 MAPKs, 10 MAPKKs and 60 MAPKKKs (hereafter collectively referred to as MAPKs; reviewed in Cvetkovskai et al., 2005) . In total, the primary function of MAPKs is the transduction of signals originating from perception (i.e., ligand binding; e.g., FLS2-fl g22 interaction) to the activation and regulation of a downstream target. Whether through protein-protein interactions, regulation of cellular traffi cking or transcriptional activation, MAPKs have ubiquitous roles in the amplifi cation and processing of stimuli from biotic and abiotic responses. For example, responses regulated by MAPKs that are specifi cally required for defense signaling include the hypersensitive response (HR), systemic acquired resistance (SAR), generation of reactive oxygen species (ROS) and the induction of PR gene expression. As detailed above, one of the primary downstream responses regulated by MAPK signaling is the transcriptional regulation of numerous genes associated with defense activation (reviewed in Eulgem, 2005) .
THE HOST-PATHOGEN INTERFACE: LAYERED DEFENSES, RESISTANCE AND SUSCEPTIBILITY
Sequencing of the Arabidopsis genome opened the door to a plethora of resources enabling a detailed analysis of disease resistance signaling in plants. Homology-based analyses led to the identifi cation of broadly conserved gene families, such as plant resistance genes (Aarts et al., 1998; Shen et al., 1998; Zhou et al., 2004) . Coupled with forward and reverse genetic approaches, such as EMS mutagenesis and the subsequent functional characterization of candidate co-regulators (Century et al., 1995; Falk et al., 1999) , signaling networks were soon assembled. Through all of this, what is now evident is that disease resistance signaling in plants is a multi-layered network of perception, signal amplifi cation and regulation. Crosstalk between these layers of responses mediates perception and specifi city, as well as regulates the strength and duration of the response.
Elicitors and PAMP-Triggered Immunity
Plants have evolved the ability to recognize the somewhat basic features of a pathogen for the purpose of eliciting defense responses (reviewed in Zipfel, 2009) . Among the earliest elicitors of a plant defense response to be characterized were the oligosaccharide polymers that constitute the outer cell walls of pathogenic organisms (Hahn et al., 1981) . From a historical standpoint, PAMPs were fi rst observed and characterized in early experiments by Anderson-Prouty and Albersheim (1975) , which described the ability of a fungal cell wall component, b-glucan, to induce a defense response in plants. These experiments were followed by in-depth studies to identify additional PAMPs and their associated responses, including oligogalacturonides (Davis and Hahlbrock, 1987) , chitin (Baureithel et al., 1994; Shibuya et al., 1996; Day et al., 2001; Okada et al., 2002; Miya et al., 2007; Wan et al., 2008) and chitosan (Hadwiger et al., 1981) .
In 1999, Thomas Boller's group identifi ed a single genetic locus in Arabidopsis that mediates the perception of what has become the best-characterized PAMP recognition response in plants: the FLS2-bacterial fl agellin interaction (Gómez-Gómez et al., 1999) . Looking back, the discovery of the fl agellin receptor (i.e., FLS2; FLAGELLIN SENSITIVE-2) in Arabidopsis represents one of the seminal discoveries in molecular plant pathology. While the study of PAMP recognition in plants has a long history, until the identifi cation of a specifi c PAMP receptor, the classical R-proteineffector interaction(s) was seen as the penultimate mechanism of disease resistance signaling, controlling specifi city, host-range, recognition and the activation of immunity in plants (reviewed in Staskawicz et al., 2001) . With FLS2, researchers were now confronting the possibility that plants coordinate parallel, and to a large extent, overlapping layers of defense signaling.
PTI occurs almost immediately following the physical interaction between host and pathogen (reviewed in Jones and Dangl, 2006 ). As noted above, the identifi cation of FLS2 provided the fi rst genetic evidence that PTI controls a broad range of both physiological and pathogen-specifi c resistance responses. In total, structure-function studies of the fl g22-FLS2 interaction have contributed to the elucidation of signaling pathways and their associated mechanisms Robatzek et al., 2006; Göhre et al., 2008) . However, what may be the greatest contribution of these studies is that they have provided an understanding of the spatial dynamics of signal perception and transduction (Robatzek et al., 2006; Heese et al., 2007) .
FLS2 is a receptor protein kinase comprised of an extracellular leucine-rich repeat (LRR) domain and an intercellular cytoplasmic serine threonine kinase domain (Figure 2A ; Gómez-Gómez and Boller, 2000) . Following the perception of bacterial fl agellin, FLS2 mediates the activation of broad-based plant defense re-sponses, such as the activation of MAP kinase signaling (Asai et al., 2002) , endosomal traffi cking (Otegui and Spitzer, 2008) and regulation of stomata closure (Melotto et al., 2006) (Figure 2B ). In short, binding of fl agellin to FLS2 promotes the association with the receptor-like kinase BAK1 (Chinchilla et al., 2007; Heese et al., 2007) , which is believed to trigger the activation of at least two MAP kinase cascades. In terms of regulating basal defense, genetic evidence seems to suggest that the MAP kinase kinases MKK1 and MKK2 negatively regulate immune responses in response to FLS2 activation (Ichimura et al., 2006; Qiu et al., 2008) , while MPK3 and MPK6 are thought to positively regulate FLS2 immune responses (Bittel and Robatzek, 2007) . To add to this complexity, evidence also points to the involvement of hormone signaling in regulating FLS2-mediated responses (Navarro et al., 2006; Tsuda et al., 2008) .
As noted throughout this Chapter, the driving force behind the association of pathogens with plants is the acquisition of nutrients. In the fi rst installment of The Arabidopsis Book chapter, which focused on the Arabidopsis-Pseudomonas interaction. Fumiaki Katagiri and colleagues pointed to the role of nutrient restriction as a basal defense response that promotes host disease resistance (Katagiri et al., 2002) . After all, pathogens are not teleological beings; they are not attacking the plant, they are simply in search of nutrients, which in turn, provide a means to an end. As such, disease may simply be a consequence of a pathogen's search for nutrients, and as such, barriers, obstacles or processes that prevent the acquisition of nutrients must be circumvented or disabled. Pathogen entry may therefore be viewed as a "fi lter" that determines the success or demise of a pathogen. In support of this hypothesis, Melotto et al. (2006) demonstrated that the recognition of fl g22 by FLS2 induces the rapid closure of stomata, thus restricting pathogen entry and subsequent proliferation. Interestingly, this restriction can be lifted through the action of a P. syringae-specifi c toxin, coronatine, which interferes with abscisic acid (ABA) signaling and stimulates stomata re-opening.
A common theme in the perception of pathogens by plants, as well as the subsequent signaling of defense-specifi c responses, is that there is a signifi cant overlap in the regulation of general host physiology and the activation and regulation of defense responses. Whether through manipulating hormone balance, or through modulation of ubiquitous MAPK signaling pathways, plants have evolved broad mechanisms to sense and abrogate pathogen infection and proliferation. As such, the basal defense response may represent the most basic and ancient form of plant immunity (reviewed in Chisholm et al., 2006) . As discussed in the following section, the evolution and adaptation of highly specifi c defense responses has occurred through gene-for-gene interactions.
ETI: Gene-for-Gene Resistance and the Guard Hypothesis
The current paradigm in host-pathogen interactions is that the activation of primary defense responses is initiated by PAMP recognition, which in turn leads to the activation of PTI (reviewed in Jones and Dangl, 2006) . With the discovery of the fi rst bacterial avirulence protein (Staskawicz et al., 1984) , a new discipline in plant biology was born: molecular plant pathology. Approaches such as EMS mutagenesis, transposon tagging, as well as advances in gene expression and DNA sequencing made possible our ability to identify genetic elements responsible for the recognition of plant pathogens. As our understanding of how plants recognize and respond to pathogen infection increases, models have evolved, paradigms have shifted, and too, our approaches have adapted to advances in technology. The sequencing of the Arabidopsis genome made possible many of these advances, and more importantly, provided a pool of candidate defense components for further characterization. In this regard, it soon became evident that the classical gene-for-gene hypothesis could not fully explain the complex interactions between all plants and all pathogens.
In 1998, Van Der Biezen and Jones proposed what is now known as the "Guard Hypothesis" (Dangl and Jones, 2001 ) to explain the role of Prf in the AvrPto-Pto interaction, a model that has evolved to explain the complex surveillance mechanism(s) that controls host-pathogen interactions (Van Der Biezen and Jones, 1998) . While this model does not fully explain all aspects of the dominant (e.g., R-protein-mediated) disease resistance responses in plants, it does provide a benchmark for investigating the genetic interactions between host R-proteins and their cognate pathogen effectors. Just a few years later, Dangl and Jones (2001) expressly laid out the foundations that we currently use to describe the Guard Hypothesis. In short, these include: R proteins may interact constitutively with their guardee; the effector and target may be associated in both susceptible and resistant hosts, with the R-protein as a member of the complex in a resistant host; and one host protein complex may be a target for multiple effectors. In 2002, Van der Hoorn et al. (2002) postulated three observations that they believed would generally validate the Guard model experimentally. First, when an R-protein serves as a guardee, there would be no direct interaction with the cognate effector protein. This was a critical step in addressing the few identifi ed instances of direct R-effector interactions. Secondly, that the indirect interaction requires an additional host protein that is specifi c for each effector-R-protein pair. And fi nally, that this additional host protein's structure, or general occurrence, would qualify it as a candidate virulence target of the pathogen. As is often the case, the lack of evidence, or in this case, the inability to demonstrate direct interaction between effector-R-protein pairs has limited our ability to further explain the processes required for pathogen recognition. To this end, the Guard Hypothesis fi nally offered an answer to explain the interaction between host resistance proteins and cognate pathogen effectors. Perhaps more interesting at the time was the possibility that there existed an additional host protein that was unique for each interaction. However, one interesting caveat to this paradigm, as conceptualized in Dangl and Jones (2001) , is the fi nding that an absolute uniqueness does not exist in all guard-guardee interactions (Mackey et al., 2002 (Mackey et al., , 2003 Axtell et al., 2003; Day et al., 2005; Chisholm et al., 2006) . To this end, an additional level of co-regulation exists among shared signaling networks comprising ETI.
a. Structure
Despite the ability of plants to recognize a wide range of pathogens, the suite of R-proteins present in most plants is somewhat limited in both structural and operational diversity. As shown in Figure 3A , R-proteins share a number of basic, common features, and in Arabidopsis, approximately 150 proteins comprise this family of disease resistance signaling mediators (Baumgarten et al., 2003) . The largest class of R-genes encode for a nucleotide binding site-leucine-rich repeat (NB-LRR) class of proteins (Chisholm et al., 2006; Jones and Dangl, 2006) . At the amino-terminus, the conserved nucleotide-binding (NB) site has been shown to be critical for ATP or GTP binding (Saraste et al., 1990) . At the C-terminus, the LRR domain, which exhibits variability both in spatial organization (Istomin and Godzik, 2009 ) and length (Matsushima et al., 2009) , is likely a platform for protein-protein interactions and peptide/ligand binding (Jones and Jones, 1996; Kajava, 1998) . Not surprising, LRR domains are found in a diverse suite of proteins, ranging in function as regulators of processes controlling both development and plant defense (reviewed in Padmanabhan et al., 2009 ). The NB-LRR class of R-proteins can be further sub-divided based on N-terminal structural features (Chisholm et al., 2006) . Among these, one type contains an N-terminal domain with homology to the Drosophila Toll and mammalian interleukin 1 receptors (TIR-NB-LRRs) while the other class contains putative coiled-coil domains (CC-NB-LRRs) (reviewed in Dangl and Jones, 2001) . In Arabidopsis, the best-characterized R-proteins are members of the CC-NB-LRR proteins, such as RPM1 (RESISTANCE TO PSEUDOMONAS SYRINGAE PV. MACULICOLA-1; Bisgrove et al., 1994) , RPS5 (RESISTANCE TO PSEUDOMONAS SYRINGAE-5; Simonich and Innes, 1995) and RPS2 (RESISTANCE TO PSEUDOMONAS SYRINGAE-2; Kunkel et al., 1993) . Functionally, R-protein recognition of pathogen effectors, and/or the cellular perturbations elicited by the action of effectors, is critical to plant defense ( Figure 3B ). However, these actions alone (i.e., detection of perturbations) do not account for the full activation of disease resistance. To this end, additional plant proteins are required for proper R-protein function.
b. R-protein Stability and Activation
RAR1 (REQUIRED FOR MLA12 RESISTANCE-1) was demonstrated to be required for disease resistance mediated by several CC-NB-LRR, as well as at least one TIR-NB-LRR class R-protein (Muskett et al., 2002; Tornero et al., 2002) . Evidence suggests that RAR1 may function through its physical interaction with another protein (i.e., SGT1; SUPPRESSOR OF G2 ALLELE OF SUPPRESSOR OF KINETOCHORE PROTEIN 1; Azevedo et al., 2002) that is also required for disease resistance mediated by several CC-NB-LRR and TIR-NB-LRRs (Azevedo et al., 2002) . In short, the simplest model for a role of RAR1 in R-protein function is that it directs either the removal of a negative regulator (Gray et al., 1999) or the activation of a positive regulator (Wang et al., 2001 ) by recruitment of that factor to the SCF complex via SGT1 and subsequent ubiquitination (Tornero et al., 2002) .
SGT1 was originally identifi ed as a regulatory component of the Skp1, Cullin, F-box (SCF) complex (Bachmair et al., 2001) that acts as an E3 ligase involved in the ubiquitination of target proteins (Tornero et al., 2002) . Since its identifi cation, numerous genetic studies have implicated SGT1 as a key component in pathogen resistance signaling, most likely through regulating the expression levels and activities of R proteins (Peart et al., 2002) . With the characterization of SGT1 interactions with the chaperone HSP90, as well as with another protein, RAR1 (Takahashi et al., 2003) , the shape of the complex regulatory node involving Rprotein stability is starting to emerge (Figure 4 ). RAR1 is a member of the conserved CHORD-containing family (CHP; Shirasu et al., 1999) , and is distinguished by the presence of two cysteineand histidine-rich zinc-binding domains (CHORD I and CHORD II) . In planta, RAR1 associates with SGT1, and this interaction appears to be required for full functionality of associated R-proteins (Austin et al., 2002; Azevedo et al., 2002; Peart et al., 2002; Tör et al., 2002) . In mammals, Nod1 was recently shown to associate with HSP90, further confi rming that studies fi rst conducted in plants are invaluable about pathways involving NLR proteins in non-plant systems (Hahn, 2005) . More recently, da Silva Correia (2007) also demonstrated that SGT1 is a positive regulator of Nod1 activation, providing compelling evidence that SGT1 is required for signaling by Nod1 in human cells, just as it is required in innate immune signaling in plants.
c. Regulators and Amplifi ers of R-protein Signaling
In addition to the requirement for stabilizing and directing R-protein function, additional R-protein accessory proteins have been identifi ed as being required for the activation of disease resistance signaling in plants. Among these, the best-characterized examples include ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and NON-RACE SPECIFIC DISEASE RESISTANCE 1 (NDR1). Both have been shown to be indispensible for the activation of disease resistance mediated by nearly all TIR-NB-LRRs and CC-NB-LRRs, respectively (Aarts et al., 1998) . EDS1 has homology to eukaryotic lipases (Falk et al., 1999) , and serves as a central regulatory protein in biotic and oxidative stress signaling (reviewed in Wiermer et al., 2005) . Originally, EDS1 was identifi ed in a screen for loss of resistance in Arabidopsis to isolates of the oomycete pathogen Hyaloperonospora arabidopsidis (Parker et al., 1996) , and was the fi rst plant L-family lipase representative to be cloned and assigned a function (Falk et al., 1999) . In subsequent studies, eds1 mutants were also implicated in a loss of resistance to specifi c strains of P. syringae expressing effectors recognized by TIR-NB-LRRs such as RPP2, RPP4, RPP5, RPP21 and RPS4 (Aarts et al., 1998; Feys et al., 2001) . In addition to the identifi cation of a required role for EDS1 as a signaling protein in the TIR-NB-LRR network, signifi cant advances were also made as a result of the identifi cation of the fi rst of two important interacting partners of EDS1, PHYTOALEXIN DEFICIENT 4 (PAD4), followed by the identifi cation of an interaction with SENESCENCE-ASSOCIATED GENE 101 (SAG101) . PAD4 and SAG101 functions appear partially redundant, yet functionally independent. Feys et al. (2005) also demonstrated nuclear localization for EDS1 as well as EDS1:PAD4 and EDS1:SAG101 complexes, suggesting a dynamic role for EDS1 in defense signaling. Evidence also supports a role for EDS1, along with PAD4, in the plant response to oxidative stress (Rusterucci et al., 2001; Mateo et al., 2004) , as well as being required for the runaway cell death response observed in LESION SIMULATING DISEASE 1 (LSD1) mutant plants caused by photooxidative stress (Mateo et al., 2004) .
In addition to EDS1, a key regulator of CC-NB-LRR R-protein activation was also identifi ed. A mutation in NDR1 was identi-fi ed in a screen of fast-neutron mutagenized Col-0 Arabidopsis by screening for plants that became susceptible to P. syringae expressing the effector AvrB (discussed below; Century et al., 1995) . The ndr1-1 mutant plant contains an approximately 1 kilobase-pair deletion spanning the NDR1 locus on Arabidopsis chromosome three (Century et al., 1997) . Functional characterization of NDR1 has revealed it to be a plasma membrane-localized protein of 219 amino acids (Century et al., 1997) , which undergoes several post-translational modifi cations, including C-terminal processing and N-linked glycosylation (Coppinger et al., 2004) . Interestingly, the proposed topology of NDR1 within the plasma membrane suggests that an approximate 18-amino acid portion lies A) The largest class of resistance proteins in Arabidopsis is the CC-NB-LRR class, whose members include the R-proteins RPM1, RPS2 and RPS5. The TIR-class of R-proteins are represented by the well-characterized R-protein RPS4. A recently identifi ed variant of this class, RRS1-R, contains a WRKY domain believed to impart transcriptional regulation as part of its function following pathogen effector recognition. B) Similar to the activation of PTI, the elicitation of ETI results in the activation of defense signaling via the specifi c recognition of pathogen-derived elicitors. As a second layer of defense signaling, ETI is the culmination in the recognition of pathogen effector proteins. As shown, delivery of an effector protein via the type III secretion system (T3SS) and subsequent recognition by cognate host R-proteins, leads to the activation of an amplifi ed defense response. The general role of pathogen effector proteins is thought to be the inactivation of PTI, while the role of ETI is to block all mechanisms of pathogen virulence.
within the cytoplasm, while the remainder of the NDR1 protein resides on the outside surface of the plasma membrane (Coppinger et al., 2004; Day et al., 2006 ). This hypothetical model raises the possibility that NDR1 positioning within the plasma membrane may serve to facilitate signaling from within the apoplast, across the plasma membrane, and into the cytoplasm, possibly through its interaction with RPM1 INTERACTING PROTEIN-4 (RIN4; Day et al., 2006) . In total, NDR1 is required for the activation of many CC-NB-LRRs including RPS2, RPM1 and RPS5 (Century et al., 1995) , and in support of this, ndr1-1 mutant plants are susceptible to P. syringae expressing the effector genes AvrB, AvrRpt2, AvrRpm1 and AvrPphB (Coppinger et al., 2004) . As a required signaling component of multiple R-protein pathways in response to bacterial infection, NDR1 may also play a role in multiple disease resistance networks in plants. In support of this hypothesis, ndr1-1 plants show higher growth of P. syringae DC3000 (Century et al., 1995) suggesting the role of NDR1 may not be limited to only R-gene-mediated disease resistance, but could also be a critical component of PTI.
d. R-protein-Effector Interactions
In mammalian innate immune signaling, TLRs are responsible for the recognition of PAMPs, while their plant counterparts (i.e., Rproteins) are responsible for the recognition of secreted pathogen effector proteins. As is the case in most receptor-ligand interactions, direct association between receptor and elicitor results in the stimulation and activation of down-stream signaling events required for activation. In total, this interaction results in the ac- 
A)
In the absence of a pathogen, R-proteins are held in an inactive state. This conformation is the result of protein-proteins interaction(s), and as a consequence of these associations, binding of ATP/GTP to the NB domain is blocked. B) Following perception of the pathogen, via the activity of secreted effector molecules, an induced conformational change in the R-protein complex is induced. This change results in a possible shift in the stoichiometry of protein-protein interactions, leading to the binding of ATP/GTP to the R-protein NB domain. C) Once a pathogen effector is recognized, the activation of ETI results in the initiation of defense signaling, ultimately leading to the abrogation of pathogen growth. Once perturbations to the R-protein surveillance system are no longer perceived, the system resets back to the resting state depicted in "A". tivation of signaling required for the successful deployment of defense responses and disease resistance. To date, two mechanisms of pathogen effector perception have been described in plants: direct and indirect recognition. In 2000, Jia et al (2000) demonstrated a direct interaction between the rice CC-NB-LRR R-protein Pita and its cognate effector protein AvrPita. This interaction specifi es resistance in rice to the blast fungal pathogen Magnaporthe grisea. In short, this work demonstrated for the fi rst time a direct interaction between a R-protein (receptor) and its ligand, a secreted effector from an invading pathogen. Subsequent work, as conceptually described above, identifi ed this interaction as being mediated by the LRR domain of Pita . Additional direct interactions have also been demonstrated between other R-proteins and their cognate pathogen effectors, such is the case with RRS1-R and the bacterial wilt pathogen effector PopP2 (Deslandes et al., 2003) , as well as becoming the best-characterized examples from the fl ax rust resistance loci, which recognize approximately 30 effector proteins from fl ax rust (reviewed in Ellis et al., 2007) . However, direct recognition of pathogen effector proteins appears to be the exception, rather than the rule.
As described above, the "rules" governing the proposition of the guard hypothesis satisfi ed the lack of additional direct interactions between host R-proteins and pathogen effectors. As an early example of the guard hypothesis, work in Roger Innes' lab demonstrated a multi-protein interaction that seemed to satisfy the criteria of an indirect surveillance mechanism (Simonich and Innes, 1995; Swiderski and Innes, 2001; Shao et al., 2003; Ade et al., 2007) . In this case, the association of the Arabidopsis Rprotein RPS5 with a protein kinase, PBS1, fulfi lled all of the requirements of the Guard Hypothesis. This mechanism requires that: RPS5 associates/interacts with PBS1 (Ade et al., 2007) ; the P. syringae effector AvrPphB, a cysteine protease, cleaves PBS1 (Shao et al., 2003) ; and, following cleavage of PBS1, the RPS5-PBS1 association is disrupted, leading to a (likely) conformational change in RPS5 and activation of ETI (Ade et al., 2007) . Thus, the detection of the pathogen relies on the disruption, or perturbation, of a protein-protein surveillance mechanism by the action of the pathogen effector protein. This, in short, defi nes ETI.
A separate series of experiments presented a new twist in the Guard Hypothesis; one that presented a testable model to explain the co-regulation and interplay between potentially overlapping defense signaling pathways. In 2002, the laboratory of Jeff Dangl presented the identifi cation of a protein isolated as interacting with the CC-NB-LRR R-protein RPM1 (Mackey et al., 2002) . This protein, RIN4, was shown to not only associate with RPM1, yet was also demonstrated to satisfy the requirement(s) as a guard of RPM1 activation. In short, the Pseudomonas effector protein AvrRPM1, which activates disease resistance through RPM1 (Bisgrove et al., 1994) , was also demonstrated to act upon RIN4, most likely as an intermediate signaling component in this pathway (Mackey et al., 2002) . The AvrRpm1-RIN4 interaction leads to the hyper-phosphorylation of RIN4 (Mackey et al., 2003) that is in turn recognized by RPM1. This interaction alone would seem to perfectly represent one of the original tenets of the Guard Hypothesis ( Figure 3B ). In a parallel series of experiments, RIN4 was also identifi ed as a negative regulator of the RPS2-AvrRpt2 signaling pathway (Axtell and Staskawicz, 2003; Mackey et al., 2003) . In this example, RIN4 is cleaved by AvrRpt2 (a cysteine protease), which in turn leads to the activation of ETI (Axtell and Staskawicz, 2003; Mackey et al., 2003; Day et al., 2005; Chisholm et al., 2006) . While a host protein targeted by multiple effectors may not completely conform to the classical defi nition of the Guard Hypothesis, it provides an exceptional example of the overlapping regulation in parallel defense signaling networks. This demonstration of a shared intermediate (e.g., RIN4) has strengthened our understanding of the R-protein-effector interaction, and has paved the way for some of the newest concepts in molecular plant pathology. Additional recent studies have revealed a growing, almost ubiquitous, function for RIN4 in a variety of host-pathogen processes Liu et al., 2009; Luo et al., 2009; Wilton et al., 2010) .
e. The Host-Pathogen Code
Another exciting discovery in the function of pathogen effectors is a recent series of experiments that are heralded as breaking the code of transcription activator-like (TAL) effector binding specifi city. TAL family effectors are key virulence components of the Xanthomonas genus of bacterial plant pathogens (reviewed in Kay and Bonas, 2009 ). TAL effectors function by mimicking eukaryotic transcription factors (Gu et al, 2005; Schornack et al., 2006; Yang et al., 2006; Kay et al., 2007; Romer et al., 2007) and inducing gene expression leading to developmental changes contributing to disease symptoms ). In brief, TAL effectors are characterized by a central domain of tandem repeats, nuclear localization signals, and an acidic transcriptional activation domain (Van den Acerveken et al., 1996; Zhu et al., 1998; Schornack et al., 2006) . The specifi c activity of a TAL effector is determined by the number and order of repeats (Herbers et al., 1992; Yang et al. 2005) . Recently, Boch et al. (2009) identifi ed the "code" used to designate sequence specifi city in gene targets of the TAL effector AvrBs3. Furthermore, using this extrapolated "code", Boch et al. (2009) were able to predict targets of other Xanthomonas TAL effectors. Perhaps most interesting, artifi cial TAL effectors were generated that could successfully target specifi ed DNA sequence, suggesting the possibility that engineering specifi city in plant-pathogen interactions is on the horizon.
FINAL THOUGHTS
So, which is it: Gene-for-Gene? The Guard Hypothesis? Are pathogen effector proteins the magic bullets that must be stopped? The more we learn, the more evident it becomes that we are only scratching the surface of what is to be understood in the fi eld of plant-pathogen interactions. In the past few years, an explosion in the area of plant pathology has led to groundbreaking discoveries not only at the level of signaling and gene expression, but also in terms of the application of whole genome biology to non-model systems. In this regard, the early development and proposition that Arabidopsis is indeed a model system for translational agriculture is starting to become a reality. Moving forward in the next 10-20 years, a signifi cant investment in the plant sciences will be to put into practice what has been learned from the studies highlighted above. Can we in fact tailor crops to recognize pathogens more effi ciently, and too, can we engineer durable resistance to multiple pathogens across multiple crop species? Based on the overlapping specifi city detailed above, one would imagine that through defi ning the shared mechanisms by which plants recognize diverse pathogens, the answer may be "YES!". However, the complexity of disease resistance signaling, as well as the intimate links shared between disease resistance signaling and standard processes such as development, reproduction and, tolerance to additional environmental (i.e., abiotic) pressures, a balance must be struck in engineering disease resistance versus sacrifi cing plant health and vigor. Thus, in total, the end goal of molecular plant pathology is to understand the processes that ultimately make breeding for durable disease resistance a possibility. Whether this means that through understanding the function of all pathogen effectors we will be able to breed plants that are more resistant, or that by defi ning and better understanding the processes in plants that are minimally required for disease resistance, is still up for debate. Fortunately, there is much we still do not understand and a wealth of knowledge waiting to be discovered.
